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1. INTRODUCTION 
Studies on the oxidation of exogenous ubiquinol 
in quinone-depleted mitochondria have indicated 
that the ubiquinol oxidation site in the b--cl com- 
plex of the respiratory chain is readibly accessible 
from the polar surface of the membrane [ 1-3]. Hy- 
drophilic quinols may therefore be used as probes 
of the sidedness of the quinone re-oxidation site in 
the complex. Observations in [4-6] suggested that 
exogenous short-chain ubiquinols (QH2s) are fast- 
er oxidized in submitochondrial particles than in 
mitochondria. 
This study reports data on the kinetics of ubiqui- 
nol oxidation obtained by rapid spectrophoto- 
metric techniques. We analyzed the activity of low- 
ubiquinol homologs and the ubiquinol analog du- 
roquinol to reduce endogenous c cytochromes in
both KCN-inhibited mitochondria and 'inside out' 
submitochondrial particles. The reduction rates 
prove to be much higher in submitochondrial par- 
ticles than in mitochondria, providing direct evi- 
dence that the ubiquinol oxidation site is located 
close to, or is more accessible from, the matrix side 
of the inner mitochondrial membrane. 
2. MATERIALS AND METHODS 
Ubiquinones were a kind gift from Hoffmann- 
La Roche (Basel); duroquinone was purchased 
from Fluka AG (Buchs). 
Ubiquinones were reduced to ubiquinols as in 
[7] and were dissolved in methanol with a few 
drops of 1M HCI to retard autoxidation. Ubi- 
quinol concentrations were determined after addi- 
tion of 5 ~1 I M KOH to 1 ml ethanolic solution of 
quinol using the following extinction coefficients 
(oxidized minus reduced): 13 mM -1 for Q0 at 
263 nm; 12 mM - l  for QI and Q2; 12.2 mM - l  for 
Q3 at 275 nm; 16 mM -1 for duroquinone at 
275 nm. 
Heavy beef heart mitochondria (BHM) were 
prepared according to [8] and submitochondrial 
particles (ESMP) as in [9]. The b-c l  complex was 
purified according to [7]. 
The inverted orientation of the inner mitochon- 
drial membrane in submitochondrial particles was 
determined from cytochrome c stimulation of suc- 
cinate and NADH respiration using the relation: 
% inversion = (non-stimulated respiratory rate/ 
stimulated rate) × 100 
which is based on inaccessibility of exogenous 
cytochrome c to its reaction site in 'inside out' vesi- 
cles [10]. With the addition of an excess of 
cytochrome c (80 ~M) to submitochondrial parti- 
cles respiring with 10mM succinate or 1 mM 
NADH, the % of inversion was found to range be- 
tween preparations from 96-100%. 
The kinetics of ubiquinol-cytochrome c reduc- 
tase in the purified b-c1 complex was assayed ac- 
cording to [11]. The enzyme was diluted to 0.3- 
1 mg/ml in 0.05% K-deoxycholate (pH 7.3) and 
added in small amounts to a reaction mixture 
(25 mM K-phosphate, 0.5 mM EDTA (pH 7.3)) 
containing 26.6 ~M ferricytochrome c (horse heart, 
type III Sigma) and the desired amounts of ubiqui- 
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nols to 1.5 ml final vol. at 25°C. The initial rates of 
cytochrome c reduction were measured at 550- 
540 nm, and were corrected for the non-enzymatic 
rates. 
Fast reduction of endogenous cytochrome c plus 
cytochrome cl in beef heart mitochondria and sub- 
mitochondrial particles was monitored at 25°C 
with a Johnson Foundation dual wavelength spec- 
trophotometer quipped with a stopped-flow ap- 
paratus (mixing ratio: 1/62) at 550-540nm, as 
in [12]. The extinction coefficient used was 
19.1 mM -1. The reaction mixture contained: 1.5- 
2 mg/ml of beef-heart mitochondria or submito- 
chondrial particles ( 1-1.4/~M cytochromes cl + c), 
200 mM sucrose, l0 mM K-malonate, 0.5/~g/mg 
protein of rotenone or valinomycin, 2/~g/mg pro- 
tein of oligomycin, the final pH was 7.2. The sus- 
pension was preincubated aerobically for 10- 
15 min then, immediately before the quinol pulse, 
1 mM KCN was added to the reaction mixture. 
3. RESULTS AND DISCUSSION 
The enzymatic assay of the purified b-cl com- 
plex is routinely performed with short-chain ubi- 
quinols in the presence of either non-saturating 
concentrations of ferricytochrome c and quinol 
[11,13,14] or with much higher substrate concen- 
trations [7]. In the former case, the Vmax-values 
usually observed are 10-40/amol cytochrome c
Table l 
Kinetic parameters of the ubiquinol-cytochrome c 
reductase in the isolated b-q complex 
QnH2 K m Vma x Turnover 
(/tM) (~mol. min -I . mg protein I) number a 
DQH2 100 1.0 4.5 
QoH2 330 1.4 6.3 
QIH2 26 10.6 48 
Q2H2 50 29 131 
Q3H2 30 55.2 249 
a Mol cytochrome c reduced, s -1 . mol b-c I complex 
(mol cyt. c0 -l. The content of cytochrome c 1 was 
3.7 nmol/mg protein, cf[7] 
6.5 t~g b-el complex was suspended in 1.5 ml reaction 
mixture (section 2). Added ferricytochrome c was 27 ~M 
(pH 7.3); temp. 25°C 
reduced •min -1 • mg protein - l .  We have obtained 
similar data also for the more lipophilic ubiquinol- 
3, which at the concentrations u ed ( ~ 40 ~M) can 
be considered still monomerically disperded in the 
aqueous medium [15]. The reductase activity ex- 
hibited saturation kinetics with respect o the ubi- 
quinol concentration, but it was increased by rais- 
ing the concentration of added cytochrome c, 
indicating that the b-cl complex actually func- 
tions as a typical two-substrate enzyme. Table ! 
summarizes the apparent Km and Vmax obtained 
for the quinols tested with a fixed, practically sat- 
urating concentration of cytochrome c (27 ~M). 
Ubiquinol-1 presents the lowest apparent Km, in 
accord with [14], whereas ubiquinol-3 presents the 
highest apparent Vmax. In [15] similar data was ob- 
tained for the kinetic parameters of oxidation of 
ubiquinols with a different ype of preparation of 
the b-q  complex from beef-heart. 
Fast reduction of endogenous c cytochromes 
was tested in mitochondria nd submitochondrial 
particles with different quinols added at concen- 
trations close to the respective Km-values deter- 
mined with the isolated b-c1 complex. Oscillo- 
scope traces obtained with ubiquinol-1 and ubiqui- 
nol-3 are shown in fig.1. Cytochrome c reduction 
by exogenous quinols was much faster in 'inside 
out' submitochondrial particles than in intact mito- 
chondria, the difference being higher with the 
more hydrophylic ubiquinol-I than ubiquinol-3. 
The rate of reduction of endogenous cytochrome c 
by ubiquinol-I or ubiquinol-3 was 90-95% inhib- 
ited by antimycin A both in mitochondria and sub- 
mitochondrial particles. 
In [16] antimycin insensitivity was reported for 
reduction by succinate of cytochrome cl in isolated 
succinate cytochrome c reductase in I turnover. 
However, these authors measured the rate of cyto- 
chrome cl reduction with a conventional spec- 
trophotometric apparatus and therefore could not 
resolve the kinetics on a millisecond time scale as 
has been done here. Furthermore, beef-heart mito- 
chondria have a content of cytochrome c equiv- 
alent or higher than that of cytochrome cl [17,18]. 
According to [16] antimycin inhibits electron trans- 
fer to cytochrome cl plus c when the complex un- 
dergoes >1 turnover. 
Among the different quinols tested the most 
striking difference between mitochondria nd sub- 
mitochondrial particles is found with ubiquinol-0 
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Fig.l. Stopped flow analysis of the kinetics of reduction of endogenous c cytochromes by exogenous ubiquinol-I and 
ubiquinol-3 in beef-heart mitochondria and submitochondrial particles. Mitochondria (2.0 mg protein/ml) and submi- 
tochondrial particles (1.5 mg protein/ml quinol) were suspended in the reaction mixture of section 2. Temperature 
25°C. Traces: (a) control; (b) in the presence of 1 fig antimycin A/mg protein. The figures on traces (a) refer to the t,~ in 
ms for the reduction of cytochromes c. 
(table 2) which is a much less effective substrate 
than higher ubiquinol homologs (table 1), proba- 
bly because of a tendency to combine with sul- 
phydryl groups in the unsubstituted ring positions 
[19]. Ubiquinol-0, which reacted extremely slowly 
with the b-c] complex in the native membrane be- 
cause of its low partition coefficient in phos- 
pholipids and thus in the mitochondrial membrane 
[20] produced a detectable reduction of cyto- 
chrome c in 2 s in submitochondrial particles, but 
not in mitochondria. The t,/: of cytochrome c re- 
duction with 100 ffM ubiquinol-0 was 1.1 s in sub- 
mitochon~lrial particles and 8.6 in mitochondria. 
Contrary to that found for the isolated b-cl  com- 
plex, ubiquinol-2 and ubiquinol-3 produced in 
submitochondrial particles lower reduction rates 
than ubiquinol-1. The reason for this is at the pres- 
ent unknown. The half-times and the initial rates 
of the reductase activity in situ summarized in 
table 2 show that with all the quinols tested the re- 
duction of cytochrome c was faster in submito- 
chondrial particles than in mitochondria. 
Analysis of the reduction of endogenous cyto- 
chromes c by ubiquinol-1 (fig.2) reveals, in mito- 
chondria and submitochondrial particles, a second 
order behaviour with respect to reducible cyto- 
chromes, similar to that seen in the experiments in
the isolated complex. 
In conclusion, these findings demonstrate a bet- 
ter accessibility of the ubiquinol oxidation site 
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Table 2 
Fast kinetics of the antimycin-sensitive reduction of endogenous cytochromes c by exogenous ubi- 
quinols in BHM and ESMP 
QnH2 (ttM) B H M E S M P 
t,J: Initial rates t,~ Intitial rates 
(s) (nmol. rain I. mg protein -1) (s) (nmol. min - l  . mg protein l) 
DQH2 (200) 0.225 82 0.110 120 
QoH2 (125) 8.6 2 1.13 34 
QIH2 (45) 0.628 15 0.067 445 
QzH2 (28) 0.268 72 0.156 120 
Q3H2 (40) 0.585 30 .0.150 210 
For experimental conditions ee legend to fig. 1 and section 2. Duroquinol (DQH2). The initial rates 
of cytochromes c reductionwere taken from the tangent o the initial part of the curves after the 
flow stopped (see fig.l). The initial rates may be underestimated in the case of ESMP where some 










I I I I 
I I I I 
0 0.1 0 .2  0 .3  0 .4  
t ime (sec)  
Fig.2. Second order plots of the reduction pattern of en- 
dogenous cytochromes c in beef-heart mitochondria nd 
in submitochondrial particles. The experimental condi- 
tions are those described in the legend to fig. 1 : 
ubiquinol-1, 30/~M; (o - -o )  ESMP; (o - -o )  BHM. 
from the matrix side of the mitochondrial  mem- 
brane (see [21]). 
As the reductant pulses with duroquinol or ubi- 
quinol-1 induce proton translocation and oxidative 
phosphorylation similar to that observed with suc- 
cinate [1,22] and from both sides of the mitochon- 
drial membrane [23], it can be assumed that the 
site of oxidation of exogenous quinols corresponds, 
at least from a functional point of  view, to that of 
the endogenous ubiquinol pool in both mitochon- 
dria and submitochondrial particles. 
According to the protonmotive 'Q cycle' pro- 
posed by Mitchell [24] for the ubiquinone-cyto- 
chrome c segment of the respiratory chain, the ox- 
idation site for endogenous ubiquinol should be 
located near the cytoplasmic or positive side of the 
mitochondrial membrane.  These data, showing 
that exogenous ubiquinols are more readily ox- 
idized when offered on the matrix side, seem to 
militate against the Q cycle, as it is formulated at 
present. 
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